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The response  o f  t h e  head t o  i m p a c t  i n  t h e  p o s t e r i o r  t o  a n t e r i o r  d i r -  
e c t i o n  was i n v e s t i g a t e d  w i t h  l i v e  a n e s t h e t i z e d  and post -mor tem p r ima tes . *  
The s t u d y  was conduc ted  a t  t h e  Highway S a f e t y  Research I n s t i t u t e  under  t h e  
sponso rsh i p  o f  t h e  Mo to r  V e h i c l e  Manufac tu res  A s s o c i a t i o n .  3-D m o t i o n  and 
e p i d u r a l  p r e s s u r e s  were e x p e r i m e n t a l  l y  measured. I n t e r p r e t a t i o n  o f  t h e  r e -  
s u l  t s  by  s i m u l a t i n g  t h e  t e s t s  u s i n g  a  3-D ma thema t i ca l  model o f  t h e  p r i -  
mate  b r a i n  was done by Dr. C a r l e y  Ward. The r e s u l t s  o f  t h e  t e s t s  and t h e  
s i m u l a t i o n  a r e  p resen ted  t o  demons t ra te  t h e  d i f f e r e n c e s  found  between l i v e  
and post -mor tem p r i m a t e  b r a i n s .  
INTRODUCTION 
Expe r imen ta l  i n v e s t i g a t i o n s  i n  t h e  b iomechan ics  o f  head i m p a c t  r e -  
sponse have used  human cadave rs  and a n i m a l s  as  s u r r o g a t e s  o f  t h e  l i v i n g  
human. The paramete rs  commonly used f o r  measu r i ng  mechan i ca l  r esponse  
d u r i n g  d i r e c t  i m p a c t  have been: a n g u l a r  and t r a n s l a t i o n a l  a c c e ~ e r a t i o n s ,  
a n g u l a r  and t r a n s l a t i o n a l  v e l o c i t y ,  d i s p l a c e m e n t s ,  d e f o r m a t i o n ,  and  p r e s -  
su res .  These paramete rs ,  once o b t a i n e d ,  can  t h e n  be used i n  d e v e l o p i n g  and 
and v a l  i d a t i n g  ma thema t i ca l  models  o f  t h e  head. 
The unembalmed cadave r  i s  chosen as  an  e x p e r i m e n t a l  model because 
i t s  geometry  and s o f t  t i s s u e  d i s t r i b u t i o n  i s  s i m i l a r  t o  t h a t  o f  t h e  l i v e  
human. I n  a d d i t i o n ,  s o f t  t i s s u e  damage can  be d i r e c t l y  r e l a t e d  t o  i n j u r y  
p a t t e r n s  obse rved  i n  c l  i n i c a l  s t u d i e s .  The d i s a d v a n t a g e s  o f  t h e  cadave r  
i n c l u d e  t h e  i n a b i l  i t y  t o  measure p a t h o p h y s i o l o g i  c a l  r esponse  and t h e  
s u s c e p t i  b i l  i t y  o f  some t i s s u e s  t o  pos t -mor tem d e g r a d a t i o n .  A l so ,  i t  
had been r e p o r t e d  ( I ) * *  t h a t  d u r i n g  t h e  c o n t a c t  t i m e  o f  d i r e c t  impac t ,  t h e  
- - -  p 
*Animals  c a r e d  f o r  and hand1 ed a c c o r d i n g  t o  AALAC gu ide1  i nes, 
**Numbers i n  pa ren theses  i n d i c a t e  r e f e r e n c e  a t  t h e  end o f  pape r .  
motion of the  brain of t h e  unembalmed cadaver i s  only p a r t i a l l y  cons t r a in -  
ed by the  sku l l .  The degree of c o n s t r a i n t  can depend on the  time a f t e r  
death and prepara t ion  of  t h e  cadaver. This  p a r t i a l  decoupling can have 
a  marked e f f e c t  on kinematic time h i s t o r i e s  o f  t he  head during and follow- 
ing impact. 
Experimental impact t e s t i n g  of animals ,  i n  p a r t i c u l a r  primates,  
provides basic  neurophysiological  information r e l a t e d  t o  neuropathology, 
However, al though t h e  primate geometry i s  t h e  most s im i l a r  t o  man's,  i t  
i s  s i g n i f i c a n t l y  d i f f e r e n t  in anatomic s o f t  t i s s u e  d i s t r i b u t i o n  and sku l l  
morphology. This can presen t  severe  problems when s ca l i ng  t e s t  r e s u l t s  
t o  human l e v e l s .  Ul t imately  t he se  d i f f e r ences  lead t o  compl i c a t i o n s  i n  
the  very complex phenomena of  head i n ju ry  ( 2 ) .  
Mathematical models can be used t o  i n t e r p r e t  the  r e s u l t s  from impact t e s t s  
and they can provide information a t  loca t ions  in  t he  brain where measurements 
a r e  impossible,  giving a  more complete p ic tu re  of the  response. Models a r e  
a l s o  helpful i n  ex t rapo la t ing  the  animal f indings  t o  t he  human and allow f o r  
a  minimum use of l i v e  animal sub j ec t s .  
Techniques Rave been developed i n  the  past  few years  f o r  accura te  de- 
terminat ion of three-dimensional motion of t he  head (3,4,5,6,7,8), preparat ion 
of the  unembalmed cadaver ( 1 , 9 , 10 ) ,  and c r ea t i on  of biodynamic f i n i t e  element 
models ( l l ) ,  fo r  use in  brain i n ju ry  research.  This repor t  d iscusses  the  tech- 
niques fo r  conduction pos te r io r  t o  a n t e r i o r  head impacts w i t h  primates,  while 
measuring three-dimensional motion and epidural  pressure .  In add i t i on ,  the  
basic fea tu res  of the  mathematical model of the  primate brain a r e  given and 




Three-Dimensional Motion Determination 
The HSRI method used f o r  measuring t he  three-dimensional motion of 
t he  head i s  based on a technique used t o  measure the  general motion of a 
veh i c l e  under a simulated crash (12 ) .  In t h e  cu r r en t  app l i c a t i on ,  th ree  
t r i a x i a l  c l u s t e r s  of Endevco s e r i e s  2264-2000 accelerometers a r e  a f f ixed  
t o  a l ight-weight  r i g i d  magnesium p l a t e  (F ig .  1 )  which i s  then s o l i d l y  
a t tached t o  t he  s k u l l .  The nine acce l e r a t i on  s i g n a l s  a r e  used f o r  the  
computation of  t he  three-dimensional head motion. 
? 
With t h i s  method, i t  is  poss ib le  t o  t ake  advantage of t he  physical 
and geometrical p rope r t i e s ,  a s  well a s  t h e  s i t e  of impact, i n  t h e  design 
of  a system f o r  measurement of 3-0 motion. In the  case  of small primates,  
i t  i s  more convenient t o  design a s p e c i f i c  system f o r  each spec ies  and 
s i t e  of impact. A system was designed and constructed a t  HSRI, u t i l i z -  
ing a l igh t -weigh t  magnesium p l a t e  t o  mount 9-accelerometers;  t o  be used 
f o r  t he  Macaca primates.  The prominent o r b i t a l  r idges  and dental  p l a t e  
found i n  t h i s  genus were used t o  i n s t a l l  t h e  r i g i d  p l a t e .  Using a mul t i -  
point  at tachment scheme, i t  i s  secured a t  a maximum d i s t ance  from the  
point  of impact. 
Epidural Pressure  Measurement 
HSRI developed a method f o r  ob ta in ing  epidural  pressures  which em- 
ploys a Kul i t e  model MCP-055-5F c a t h e t e r  t i p  pressure  t ransducer .  A 
St ryker  bone-coring tool i s  used t o  make t h e  hole.  A specia l  3 mm c i r c u l a r  
b i t  ( F i g .  2 )  w i t h  an ad ju s t ab l e  set-screwed c o l l e c t  was machined which en- 
abled the  t echn ic ians  t o  core  i n t o  t he  sku l l  i n  small increments,  prevent- 
i n g  a - dura damaging breakthrough. The increment of t he  bone core  i s  then 


removed using a dental  scoop. The r e s u l t i n g  hole i s  then tapped. 
A magnesium coupling device (Fig.  2 )  i s  screwed i n t o  the  cored and 
tapped hole.  I t  i s  anchored i n t o  place using a quick-sett ing a c r y l i c  mold- 
ed around the  base. A f i v e  cm sec t ion  of rubber tubing i s  then clamped onto 
t he  top of t he  device and Dow Corning d i e l e c t r i c  gel ( s i l i c o n  f l u i d )  i s  i n -  
jec ted i n t o  the  tubing to  a c t  a s  a coupling media. The Kul i te  pressure  
t ransducer  i s  then i n se r t ed ,  and secured a t  proper depth.  
F in i t e  Element Model s 
The t e s t s  a r e  simulated using three-dimensional mathematical models of  
t he  monkey bra in .  Small primate models of t h i s  type were f i r s t  described in  
? , e f . ( l l )  and a r e  shown in  Figures 3 and 4.  The s o f t  brain t i s s u e  and f l u i d s  
a r e  modeled using isoparametr ic  brick elements. The i n t e rna l  membranes, the  
f a lx  and tentorium, a r e  modeled using membrane elements. The input t o  t he  
model i s  1 inear  a cce l e r a t i on ,  angular a cce l e r a t i on ,  and angular ve loc i t y  
computed from the  9-accelerometers.  In o ther  words, t he  models a r e  math- 
emat ical ly  forced to  move j u s t  as  the  head moved in the  t e s t .  Computational 
improvements repor ted in R e f .  (13)  were incorporated i n t o  t he  models. I n  
add i t ion  t o  these  changes, simulation of t h i s  t e s t  s e r i e s  required two new 
modif icat ions .  A 20 cm cerv ica l  cord was added fo r  some s imulat ions  and 
t he  Po iss ion ' s  r a t i o  was var ied from ,499 t o  ,4999, varying the  e f f e c t i v e  
compress ib i l i ty  of the  brain .  In each simulation the  model was scaled to  
approximate the  s i z e  and weight of the  ac tua l  b ra in .  
Test  Subject  Preparat ion 
Five primate sub j ec t s  were used in  t he se  experiments:  four  Macaca 
Mulatta and one Macaca Assamensis. These were obtained by HSRI from the  

Y O  L L  
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U n i v e r s i t y  o f  M i ch i gan  U n i t  f o r  L a b o r a t o r y  Animal  M e d i c i n e  (ULAM) . P r i o r  
t o  a c q u i s i t i o n ,  t h e  Macaca s u b j e c t s  had been used i n  one o r  more pha rmaco log i ca l  
r e s e a r c h  p r o j e c t s .  
The impac ts  o f  t h r e e  Macacas were conduc ted  on post -mor tem s u b j e c t s .  
Upon t e r m i n a t i o n ,  t h e y  were s t o r e d  i n  a  c o o l e r  a t  4 O C  f o r  48 hours  b e f o r e  
t e s t i n g .  L i v i n g  Macacas were used  i n  t h e  two f i n a l  exper iments .  The p ro -  
t o c o l  f o r  post-mortem p r i m a t e s  was l e s s  complex t h a n  f o r  t h a t  af t h e  l i v e  
p r ima tes ,  wh ich  i s  o u t 1  i n e d  below. 
On t h e  morn ing  o f  t h e  exper iment  t h e  p r i m a t e  i s  g i v e n  an i n t r a m u s c u l a r  
i n j e c t i o n  o f  ke tami  ne ( d l - 2 [ o - ch l o ropheny l  11-?-[methyl  amino] cyc lohexanone 
h y d r o c h l o r i d e )  b e f o r e  be i ng  d e l  i v e r e d  t o  t h e  H S R I  B iomed ica l  L a b o r a t o r y  by 
a  ULAM t e c h n i c i a n .  A c a t h e t e r  w i t h  a  three-way v a l v e  i s  i n s e r t e d  i n t o  
t h e  saphena pa rva  v e i n  i n  t h e  h i n d  l e g ,  and sodium p e n t o b a r b i t a l  i n j e c t e d  
t h r o u g h  t h e  v a l v e  a t  a  dosage o f  25  mgfkg, t o  e f f ec t , and  an a i r w a y  i s  es- 
t a b l i s h e d .  The upper  body i s  p repa red  and t h e  w e i g h t  and b i o m e t r i c a l  meas- 
urements a r e  t aken  w i t h  a  s t a n d a r d  an th ropometer ,  a  s t a i n l e s s  s t e e l  t ape ,  
a  r u l e r  and a  Homes Model 51 HH beam s c a l e .  Body measurements a r e  il l u s t r a t -  
ed i n  F i g u r e  5; head measurements ' i n  F i g u r e  6. Us ing  a c a u t e r i z i n g  s c a l p e l ,  
t h e  s c a l p  and muscle mass a r e  removed f r om  t h e  f r o n t a l  bone. The screws 
used t o  moor t h e  n i ne -acce le rome te r  p l a t e s  and t h e  e p i d u r a l  p r e s s u r e  t r a n s -  
ducer  s k u l l  f i t t i n g  a r e  screwed i n t o  p lace ,  Q u i c k - s e t t i n g  a c y l i c  i s  molded 
a round  t h e  p ressu re  t r a n s d u c e r  f i t t i n g  and 9-accel  e romete r  moo r i  ngs, F i g -  
u r e s  7, 8 shows t h e  p o s i t i o n i n g  o f  t h e  i n s t r u m e n t a t i o n  on t h e  s k u l l .  
Next,  eye and ea r  x - r a y  t a r g e t s  a r e  p o s i t i o n e d .  The p r i m a t e  i s  t r a n s -  










-- L O C A T I O N  OF BODY MEASUREMENTS 
I ~ ~ N E K  - I - ~ R I  ST 
733SIToULDE -- lX7Tti l  C I ~ T ~ ~ ~ S ~  
I ~ X I I E S T  19T-7~gT -- -- 
--- 
- 
1 .  O K  - 0 1 . I A _ _ _ -  
2 .  P O P L I T E ~ I E ~ G I I T ~  - - -- I IE ELTTOE_F~@EJ -
3 .  TOPTI@= T6i3ii@EbER -- T O T ~ R M  -- REACH 
4 .  ACROMIAL tIJIQIT_ 
 - - -- -- 
- FOIIEARM - IIAND 
5 ~ - S t l O U l  D t  R - ELUOW -- .-  - l o .  IIANO - I ~.wA~%T- H ?O. AllKLC --- 
H E W R K S  
FIGURE 5 .  I d e n t i f i c a t i o n  o f  Body Measurements 
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F I G U R E  6 .  Identification of Head Measurements 
FIGURE 7 . Ins t rumenta t ion  Reference Frame and - ------. - -- 
L o c a t i o n  o f  the  Three Tr i  a x i a l  Accel erometer  

ported t o  the  x-ray room where two head x-rays (x-z and y-z views) a r e  
taken. The d i s tance  between each of t he  e igh t  t a r g e t s  and the  sur face  of 
t he  x-ray tab1 e i s .  measured and recorded. 
The primate i s  then taken t o  t he  impact l abora tory  and placed i n  the  
impact cha i r .  Three t r i a x i a l  u n i t s  a r e  fas tened t o  t he  nine-accelerometer 
p l a t e .  S i l i con  f l u i d  i s  i n j ec t ed  i n to  t he  pressure  coupler ,  thus removing 
a l l  a i r ,  and the  pressure  t ransducer  i s  i n se r t ed .  The primate i s  posit ioned 
i n  f r o n t  of the  impactor with paper t ape .  All of t he  t ransducer  wires a r e  
then connected and cabled,  and t h e  t ransducers  checked f o r  con t i nu i t y  and 
func t ion .  The t e s t  i s  now run with a l l  data recorded on analogue tape ,  
Resul ts  
Two l i v e  animal and th ree  post-mortem animal t e s t s  were simulated.  
S t r e s s  ( o r  pressure)  and displacements a r e  computed versus time through- 
ou t  t he  brain.  S t r e s se s  a t  t he  t ransducer  l oca t i ons  a r e  p lo t ted  i n  Figure 
9-15: ( s t r e s s  i s  equal t o  pressure  b u t  oppos i te  in  s i g n ) .  When two com- 
puted t r a ce s  a r e  shown on one curve,  t he  t ransducer  loca t ion  i s  between two 
elements. In Figures 9-15 the  measured pressures  a r e  converted t o  s t r e s s  
and p lo t ted  f o r  comparison with the  computed values .  The r e s u l t s  show the  
following: To s imulate  the  l i v e  animal response (Figures  9 and 10) the  
model must have a Poisson 's  r a t i o  of .4999 and a 20 cm cerv ica l  cord.  To 
s imulate  the  post-mortem animal response,  Figure 11-13, the  model must have 
a lower Poisson's r a t i o  ( v=.499 ) and no ce rv ica l  cord. When a ce rv ica l  cord 
i s  added in  t h i s  post-mortem animal s imula t ion ,  higher negative s t r e s s e s  re -  
sul t ,  and the  co r r e l a t i on  degrades as  shown i n  Figure 1 4 .  When a value of 
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FIGURE 14 
,4999 i s  used f o r  v (va lue  f o r  l i v e  animal) i n  t he  post-mortem animal simula- 
t i o n s ,  the  measured response tends t o  l ag  the  computed va lues .  Even when 
.499 i s  used, the  measured value l ags  the  computed value,  Figures 12 and 13. 
When .499 (va lue  f o r  t he  post-mortem animal) i s  used f o r  v in  t he  l i v e  animal 
s imulat ion,  the  computed response l ags  the  measured response a s  shown in Fig- 
ure 15. I f  the  cord i s  removed in  t he  l i v e  s imula t ions ,  t he  computed s t r e s s e s  
a r e  much too low (Figure  1 6 ) .  The maximum computed s t r e s s  in  Figure 16 i s  
- 110 kPa and the  measured s t r e s s  i s  - 430 kPa (Figure  9 ) .  There i s  a  f a c t o r  
of 4 d i f f e r ence  between the  measured and computed values when t he  cord i s  
e l iminated.  Even when the  cord i s  included, the  computed r e s u l t s  l ag  the  
measured s t r e s s e s  (Figures  9  and 10 ) .  This delay i s  a  l im i t a t i on  of the  ex- 
i s t i n g  model. The model does not s imulate  neck compression, i t  only s imulates  
the  i n e r t i a l  motion of the  cord.  I f  neck compression were included i n  t h e  mod- 
e l ,  t h e  s t r e s s  i n i t i a t e d  by the  cord would be s h i f t e d  i n  t ime. 
Discussion 
The response of the  post-mortem brain i s  slower and more damped than t h a t  
of t he  l i v e  brain .  The post-mortem i s  i n  e f f e c t  more compressible than t h a t  
of the  l i v e  brain and pressures  ( s t r e s s )  i n  the  post-mortem brain a r e  lower 
than in  the  l i v e  brain .  This i s  possibly  due t o  post-mortem degradation and 
the  f a c t  t h a t  f l u i d  i s  e a s i l y  expelled out  of t he  brain i n to  t he  unpressurized 
a r t e r i e s  and i n t o  t he  CSF space surrounding the  ce rv ica l  cord.  The unpressur- 
ized ce rv ica l  canal and f l a c c i d  neck in  the  post-mortem animal may uncouple t he  
ce rv ica l  cord from the  brain response.  The r e s u l t s  show t h a t  the  cord can 
increase  the  pressures  in the  brain by a  f a c t o r  of 4 .  The d i f f e r ence  i s  g r ea t -  
e s t  when the  head undergoes S-I a cce l e r a t i on  because t he  e f f e c t  of  the  cervical  
cord i s  lacking i n  t h e  post-mortem animal. 
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FIGURE 16 
To i n v e s t i g a t e  t h e  e f f e c t s  o f  f l u i d  i n  t h e  a r t e r i e s  and CSF system, a  
t h i r d  t y p e  o f  t e s t  i s  needed. S i m i l a r  t e s t s  on p r e s s u r i z e d  (CSF and a r t e r i a l  
p r e s s u r i z a t i o n )  post -mor tem an ima l s  s h o u l d  be s i m u l a t e d ,  and compared t o  t h e  r e -  
s u l t s  i n  t h i s  r e p o r t .  
Summary 
The dynamic r esponses  o f  l i v e  and pos t -mor tem b r a i n s  i n  s i t u  a r e  d i f f e r e n t .  
These d i f f e r e n c e s  a r e  summarized i n  t h e  f o l l o w i n g  t a b 1  e: 
Response Time 
L i v e  An ima l  B r a i n  Post -Mor tem An ima l  B r a i n  
f a s t e r  s  l o w e r  
Damping 1  ess more  
E f f e c t i v e  C o m p r e s s i b i l i t y  1  ess more  
Response Magn i tude  f o r  
Some Head A c c e l e r a t i o n  
C e r v i c a l  Cord and B r a i n  
Response 
h i g h e r  1  ower  
coup1 ed uncoup led  
E f f e c t  o f  Cord i n  S - I  Head i n c r e a s e  no e f f e c t  
A c c e l e r a t i o n  i n t r a c r a n i a l  
p r e s s u r e  
Ac know1 edgments 
The a u t h o r s  wou ld  l i k e  t o  acknowledge t h e  c o n t r i b u t i o n s  o f  Nab ih  M. Alem, 
Joseph Benson, Jean B r i  ndamour, M a r v i n  Dunlap,  G a r r y  H o l s t e i n ,  D i  k r a n  Kashkash ian  
and V a l e r i e  A. Moses. 
REFERENCES 
Stalnaker, R. L . ,  J .  W .  Melvin, G. S. Nusholtz, N .  M .  Alem a n d  
J .  B .  Benson, "Head Impact Response." The Twenty-first Stapp Car 
Crash Conference, 1977. 
Patrick, L. M . ,  "Head Impact Protection. " Head Injury Conference 
Proceedings, edited by W .  F. Caveness and A. E. Walker, 4: 41 -48, 1966. 
Padgaonkar, A. J . ,  K, W .  Krieger, A. J .  King, "Measurement of Angular 
Acceleration of a Rigid Body Using Linear Accelerations." ASME Prr- 
print -75-APM3, June 1975. 
Becker, E . ,  G. Willems, "An Experimentally Val idated 3-0 Inert ia l  Tracking 
Package for  Application in Biodynamic Research." The 19th S t a p p  Car 
Crash Conference, 1975. 
Ewing, C. L. e t  a1 ., "The Effect o f  the I n i t i a l  Position of the Head and 
Neck on the Dynamic Response of the Human Head and Neck t o  -Gx Impact 
Acceleration. ", Paper 751 157, Proceedings of the 19th S t a p p  Car Crash 
Conference, 1975. 
Ewing, C.L.,  D. J. Thomas, "Human Head and Neck Response to  Impact 
Accel eration. " Naval Aerospace Medical Research Laboratory Detachment, 
New Or1 eans, Monograph 21 , August 1972. 
Ewing, C. L . ,  D. J .  Thomas, "Torque versus Angular Displacement Response 
o f  Human Head t o  -Gx Impact Acceleration." Paper 730976, Proceedings of 
the 17th Stapp Car Crash Conference, Society of Automotive Engineers, Inc. 
1973. 
Thomas, D. J., "Special ized Anthropometry Requirements fo r  Protective 
Equipment Evaluation. " AGARD Conference Proceedings No. 11 0, Current 
Status i n  Aerospace Medicine, Gl asgow, Scot1 and, September 1972. 
Fayon, A.  e t  a1 . , "Thorax of 3-Point Be1 t Wearers During a Crash (Experi- 
ments f o r  Cadavers). " The 19th S t a p p  Car Crash Conference, 1975. 
Nahurrl, A.  M. ,  R. W. Smith, "An Experimental Model f o r  Closed Head injury." 
The 20th Stapp Car Crash Conference, 1976. 
Ward, C.  C . ,  Nikravesh, P . E . ,  and Thompson, R .  B.,"Biodynamic Finite 
Element Models Used in Brain Injury Research." Journal o f  Aviation, 
Space and Environmental Medicine, Vol . 4 9 ,  No. 1 ,  1978. 
Bartz, J .  A . ,  F. E. Butler, "Passenger Compartment w i t h  Six Degrees of 
Freedom. " Auxil iary Programs t o  "Three Dimensional Computer Simul ation 
of a Motor Vehicle Crash Victim," Final Technical Report fo r  DOT Contract 
NO. FH-11-7592, 1972. 
Ward, C .  C .  , Nahum, A., "Correlation Between Brain Injury and Intra- 
cranial Pressures in Experimental Head Impact." Presented a t  the Inter- 
national Conference on Impact Trauma, Gotenburg, Sweden, September 1 9 7 9  
and  p u b 1  ished in proceedings. Navy Report TM No. 51 -79-1 5 
